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LIM homeodomain genes have been involved in patterning in a variety of organisms. I have analyzed the expression of lmx1
during early ear development and explored its regulation by the neuroectoderm. Experiments were carried out on chick
embryos. During early somitic stages (4–6 somites), lmx1 was expressed in the neural tube and in a stripe of the dorsal
ectoderm. The ectodermal expression domain was then restricted to the otic placode (7–10 somites). At otic cup stages, lmx1
was downregulated in ventral and medial aspects of the otic epithelium facing the neural tube. This resulted in a dorsal and
lateral restriction of lmx1 that persisted until the otic vesicle stage. The dependence of lmx1 on interactions with the
neuroectoderm was explored by carrying out ablations of the neural tube in organotypic explants containing the otic
presumptive ectoderm. Both the formation of the otic vesicle and expression of lmx1 were dependent on the presence of the
neural ectoderm during stages preceding placode formation (4–6 somites). Thereafter, the formation of the otic vesicle was
progressively autonomous, and by the stage of 10 somites the otic ectoderm developed into otic vesicles and expressed lmx1
in foreign environments. Dorsal and ventral neuroectoderms displayed differential effects on lmx1 expression. Ablation of
the dorsal neural tube resulted in a reduced expression of lmx1, which was more dramatic during early placode and
preplacode stages (5–7 somites). Removal of the ventral aspect of the neural tube (including the notochord) had opposite
effects, expression of lmx1 increased, and its domain expanded. The formation of the otic vesicle, however, was supported
by either the dorsal or ventral neuroectoderm. The experiments suggest that lmx1 is involved in early patterning of the otic
vesicle, and they provide evidence for the regional segregation of organizing activities within the neural tube.
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INTRODUCTION
Establishment of regional patterns and axial polarity
constitute fundamental problems in development. The ver-
tebrate inner ear is perhaps one of the most striking
examples where a precise topology is linked to adequate
function. Frequency discrimination and linear and circular
acceleration detection are dependent not only on the differ-
entiation of specialized mechanotransducing cells, but also
on their precise location and orientation. The inner derives
from the otic placode, a thickened patch of ectoderm in
apposition to the neural tube. The otic placode invaginates
to form the otic vesicle, which is developmentally autono-
mous and contains the information required to generate the
labyrinth and the cellular phenotypes expressed in the adult
organ (Swanson et al., 1990).
Patterning is probably a very early event in ear develop-
ment, as suggested by the restricted and asymmetric expres-
sion of various genes in the otic vesicle (see Torres and
Giraldez, 1997, for a review). LIM homeobox genes are
transcription factors with a typical cystein–histidine-rich
LIM domain and a homeodomain (Dawid et al., 1998). They
are known to be involved in regional and cell fate specifi-
cation in a variety of organisms. In Drosophila, the LIM
homeodomain gene apterous is restricted to the dorsal
compartment of the wing disc, and it specifies dorsal fate
(Cohen et al., 1992; Diaz-Benjumea and Cohen, 1993). lmx1
1 This work was carried out during a stage at the Randall
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is a vertebrate LIM homeobox gene that is also essential for
establishing the dorsoventral pattern of the vertebrate limb
(Riddle et al., 1995; Vogel et al., 1995). lmx1 has been
detected in the otic placode (Torres and Giraldez, 1998), but
there is no information about its expression pattern or
function during ear development. Classical work has
stressed the importance of the neural tube for ear develop-
ment (Yntema, 1933, 1950; Waddington, 1937; Jacobson,
1963), and genetic analyses have provided further evidence
of the role of neural genes in otic vesicle development
(Steel, 1995; Whitfield et al., 1996). However, there is still
very little information about the molecular nature of this
interaction.
In the present work I have studied the expression of lmx1
during early development of the ear and how this expres-
sion is modulated by the neural tube. The present work
shows that lmx1 is expressed in the early otic field and that
it acquires a dorsolateral restriction during the formation of
the otic vesicle. Expression of lmx1 is dependent on the
neural tube at specific developmental stages. Moreover, the
dorsal and ventral neuroectoderms differentially affect the
expression of lmx1. It is suggested that the neuroectoderm
shows a heterogeneous distribution of dorsalizing and ven-
tralizing activities that contribute to the regional specifica-
tion of the otic primordium.
METHODS
General
Experiments were carried out on chick embryos. Organotypic
explants were done on embryos from stages ranging between 4 and
13 somites. The normal expression of lmx1 was analyzed by in situ
hybridization on embryonic stages 8 to 19 (Hamburger and Ham-
ilton, 1951). The number of somites was used for accurate classi-
fication of explants from young embryos. This was done up to 13
somites; thereafter, Hamburger and Hamilton staging was used for
convenience.
Organotypic Explants
Transverse sections of chick embryos were aseptically isolated
and microdissected. The embryo was sectioned behind the rhom-
bomesencephalic limit and behind the second somite. The explant
was formed by the neuroectoderm, the adjacent ectoderm, and the
pharyngeal endoderm. The notochord and mesenchyme were al-
ways present. Explants were submerged in collagen gels prepared
by mixing 3% collagen solution (Cellagen) with medium 103
M-199 with Hank’s salts, 1:10. Sodium bicarbonate was added to 25
mM and NaOH to a pH of 7.4. Incubation was carried out in M-199
with Hank’s salts at 37.5°C in air for 24 h. The medium was
supplemented with 5% FCS.
In Situ Hybridization
Whole-mount in situ hybridization was performed following the
procedure described by Nieto et al. (1996), using digoxigenin-
labeled RNA probes for chicken lmx1. A single-stranded lmx1
RNA probe was prepared by the transcription of the linearized
plasmid with EcoRI, using T7 SP6 RNA polymerase (Promega,
Southampton, UK) (gift from Dr. Ipsizu´a-Belmonte, Salk Institute,
La Jolla, CA). Embryos were incubated with RNA probes at 1 mg/ml
concentration in hybridization mix [50% formamide, 1.33 SSC,
SDS (pH 5), 50 mg/ml yeast t-RNA, 0.2% Tween 20]. To elicit
color, embryos were incubated with a 1/2000 dilution of anti-DIG–
alkaline phosphatase antibody and developed with 0.3 mg/ml
nitroblue tetrazolium salt (NTBT) and 0.2 mg/ml 5-bromo-4-
chloro-3 indolyl phosphate (BCIP) prepared in NTMT (100 mM
NaCl, 100 mM Tris–HCl, pH 9.5, 50 mM MgCl2, 0.1% Tween 20).
For histological examination, embryos were postfixed in 4% para-
formaldehyde, embedded in gelatin, and sectioned at 60 mm with a
vibratome sectioning system (Oxford Inst.).
RESULTS
Expression of lmx1 during Early Otic Development
The expression pattern of lmx1 throughout the develop-
ment of the otic placode and otic vesicle is shown in Fig. 1.
lmx1 showed a dynamic expression pattern in the neural
tube and the dorsal ectoderm. In the 5-somite embryo, lmx1
was strongly expressed in the neural tube and a narrow band
of the adjacent ectoderm (Figs. 1A and 1B and sections in 1E
and 1F, see below). In the 10-somite embryo, lmx1 persisted
in the neural tube and concentrated only in the ectoderm of
the otic placode (Figs. 1C and 1D). lmx1 expression in the
neuroectoderm showed a dorsal and a ventral expression
domain. The dorsal component expanded toward the adja-
cent ectoderm as shown in the sections of Figs. 1E and 1F
(arrowheads). This formed an ectodermal stripe that runs
parallel to the neural ridge. Sections shown in Figs. 1E and
1F were taken through the otic presumptive area, but more
rostral or caudal sections (not shown) displayed a similar
expression of lmx1. In the 8- and 10-somite embryo this
ectodermal expression domain of lmx1 was restricted to the
otic placode, which could be clearly identified morphologi-
cally as a thickened patch of ectoderm (Figs. 1G and 1H).
lmx1 was detected in the neural and ectodermal epithe-
lium, but not in the mesenchyme. An endodermal expres-
sion domain started in the 10-somite embryo (Figs. 1C fine
arrow and 1H). As development proceeded, lmx1 continued
to be expressed in the otic cup. By stage 13, the medial and
ventral otic cup showed a decreased expression of lmx1,
while it remained intense in more dorsal and lateral regions
(Fig. 1I). Coinciding with the formation and closure of the
otic vesicle, lmx1 continued to be strongly expressed in the
dorsal and lateral otic epithelium, but it remained down-
regulated in the medial and ventral aspects (Figs. 1J and 1K).
During further development of the otic vesicle, lmx1 suf-
fered changes in the expression pattern that are beyond the
scope of the present work. No expression of lmx1 was
detected in the lens, olfactory placodes, or neurogenic
placodes.
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FIG. 1. Lmx1 throughout the development of the otic vesicle. Embryos were dissected, staged fixed in 2% paraformaldehyde for 24 h, and
processed for in situ hybridization with a lmx1 probe. Young embryos (A–H) were staged by the number of somites indicated at the bottom
of each photograph. Beyond 10 somites (I–K), this was done according to Hamburger and Hamilton (1951). Whole mounts are shown in A–D,
and vibratome sections in E–K. (A) Dorsal view of a 5-somite embryo with intense expression of lmx in the anterior neural tube. (B) Detail
of A showing the lateral expansion of the lmx1 expression domain, toward the neighboring dorsal ectoderm (arrowhead). (C) Dorsal view
of a 10-somite embryo. Lmx1 expression is intense in the neural tube and in otic placodes (arrowheads). Endoderm expression is pointed
out with arrows. (D) Detail of C. Note the continuity between the medial domain of lmx1 expression in the otic placode and the dorsal
neuroectoderm. (E, F) Vibratome sections of 5- and 6-somite embryos. Note the dorsal and ventral domains of lmx1 expression in the
neuroectoderm and the stripe of ectoderm parallel to the dorsal neural tube expressing lmx1 (arrowheads). (G, H) Similar sections through
8- and 11-somite embryos, now with distinct otic placodes (arrowheads) expressing lmx1. (I, J) lmx1 expression in stages 13 and 16. Note
the downregulation at the medial aspect of the otic cup (I) and the early otic vesicle (J). (K) Lmx1 in stage 17 reflects the final pattern reached
in the otic vesicle until stage 19 (not shown). Magnification in A and C 5 503; in B, D, and E–K 5 1003. ov, otic vesicle; nt, neural tube.
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Effects of the Neural Tube on the Formation of the
Otic Vesicle and lmx1 Expression
The effects of the neural tube on lmx1 expression in the
otic vesicle were studied in the following experiments, by
carrying out ablations of the neuroectoderm in organotypic
explants in culture. The results are shown in Fig. 2. The left
column displays explants containing the otic ectoderm and
the neural tube (control explants, nt1). Those in the right
column show the contralateral side of the same embryo, in
which the neural tube was removed (nt2). Explants were
taken from 4- to 13-somite embryos and maintained in
culture for 24 h. Control explants developed otic vesicles
that expressed lmx1 (indicated by the arrows, ov). Neural
expression sites of lmx1 were conspicuous in the explants.
Removal of the neural tube at early stages (4–6 somites)
resulted in the absence of otic vesicles and in no detectable
lmx1 expression. As in the example of Fig. 2 (5s), sometimes
a rudimentary otic placode exhibiting weak lmx1 expres-
sion was observed. However, when ablation of the neural
tube was carried out after stage 7–8 somites, otic vesicles
and lmx1 expression developed as in the control sides (Fig.
2, 7s and 10s). The bar diagram in Fig. 3 shows a summary
of the results of several paired experiments like those just
described. The ability to develop otic vesicles (Fig. 3A) and
to express lmx1 (Fig. 3B) showed a parallel dependence on
the presence of the neural tube (control, white bars; and
nt2, gray bars). However, the levels of lmx1 were similar to
control in none of the explants deprived of the neural tube
of 4–6 somites, in only 40% of the explants deprived of
neuroectoderm between 7 and 9 somites, and in 80%
beyond 10 somites (Fig. 3B, lined bars). Therefore, ablation
of the neural tube significantly reduced the ability to form
otic vesicles and express lmx1 in a stage-dependent manner.
Explants of the otic presumptive ectoderm were also
grown in isolation (Fig. 4A), or ectopically transplanted to
the head (Fig. 4B). In six experiments performed on 5- to
6-somite embryos, neither an identifiable otic vesicle nor
expression of lmx1 was detected in ectoderm grown in
isolation (Fig. 4A). Experiments carried out on 7- to 10-
somite embryos developed rudimentary otic vesicles with a
localized expression of lmx1 (Fig. 4A, bottom). The example
in Fig. 4B illustrates the autonomy of otic vesicle formation
from the 10-somite otic ectoderm. The otic presumptive
ectoderm was dissected and grafted to the head. Note that
the transplanted fragment contained only the lateral otic
ectoderm and that the medial part of the otic vesicle
developed in situ. lmx1 was expressed strongly and in a
restricted manner in the transplanted ectoderm. These
experiments indicate that probably beyond 7 somites, full
specification of the otic territory has occurred, and expres-
sion of lmx1 is, at least in part, autonomous. However, the
following experiments will show that normal patterning of
the otic placode may be dependent on more complex
interactions with the neural tube.
Differential Effects of the Ventral and Dorsal
Neuroectoderms
To study the influence of the neural tube on lmx1
expression in more detail, the dorsal or ventral aspects of
the neural tube were selectively ablated. This left the
development of the otic placode in the absence of the neural
ridge and allowed possible interactions only with the ven-
tral neural tube. Figure 5 shows the results of this experi-
ment at different developmental stages. The neural ridge
was bilaterally dissected and explants were grown in cul-
ture as described. The diagram at the top of the figure
illustrates the procedure, which is very simple to carry out
between 4 and 10 somites (see below). Control explants
developed otic vesicles and expressed lmx1 like normal
embryos (Fig. 5, left column). Explants in which the neural
ridge was removed developed recognizable otic vesicles,
which however displayed a reduced expression of lmx1 (Fig.
5, right column). This effect was stage-dependent. Reduced
expression of lmx1 was dramatic in young explants up to
the 7-somite stage (5s and 7s). It was also apparent in some
9- to 10-somite explants, but with more variable results.
Two examples are shown at the bottom-right column of Fig.
5, labeled 10s: One experiment shows two otic vesicles
with lmx1 lower than control, whereas the bottom photo-
graph shows one vesicle expressing lmx1 with an intensity
similar to (left) and the other lower than control (right).
Results from different experiments are summarized in Fig.
6 (4–6 somites, n 5 7, and 7–10 somites, n 5 15). Note that
dorsal ablations did not affect the number of otic vesicles
formed (Fig. 6A, left). However, the number of otic vesicles
expressing lmx1 was reduced when dorsal ablation (gray
bars in Fig. 6B) was carried out between 4 and 6 somites.
Moreover, the number of vesicles expressing lmx1 at levels
comparable to control (bars with crossed lines, Fig. 6B) was
dramatically reduced in all stages studied (see examples
4s–7s in Fig 5). These results suggest that the ventral neural
tube is sufficient for the formation of the otic vesicle but
not to maintain lmx1 expression, which it may downregu-
late.
In another set of experiments, the ventral aspect of the
neural tube was surgically removed from the experimental
side, leaving the other side with both dorsal and ventral
neural tube and the notochord, as a control. This produced
explants that, predominantly, if not exclusively, allowed
interactions between the neural ridge and the otic placode.
Figure 7A shows the procedure to isolate the explants
containing the ectoderm with the neural ridge (nr1). The
results of this experiment are shown in Fig. 7B. The
presence of the neural ridge was able to maintain both the
formation of the otic vesicle and the expression of lmx1.
Otic vesicles grown with the neural ridge alone (nr1) tended
to be spherical and surprisingly express higher levels of
lmx1. They showed a more intense and homogeneous
expression of lmx1 than the contralateral control sides. The
normal ventral downregulation of lmx1 was much reduced
in these explants and lmx1 expanded its expression domain
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FIG. 2. Otic vesicle formation and lmx1 expression after ablation of the neural tube. Photographs of paired explants prepared as described
under Methods and illustrated diagrammatically at the top. Left column corresponds to explants containing the neural tube and right
column to the contralateral sides where the neural tube was removed, leaving the otic presumptive ectoderm. Stages are indicated at the
bottom by the number of somites. Magnification 5 503. Arrows indicate otic vesicles (ov) or otic primordia.
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throughout the whole otic epithelium (Fig. 7B, right col-
umn). Results from different experiments are summarized
in the right columns of Figs. 6A and 6B (4–6 somites, n 5 7,
and 7–10 somites, n 5 11). The dorsal neural tube retained
the ability to form otic vesicles and to maintain the
expression of lmx1 in very young explants (4s–6s), as
illustrated when comparing control sides (white bars) and
ventral ablation (gray bars) in Fig. 6A. However, the neural
ridge also maintained lmx1 expression in experimental
sides, at all stages (dark gray bars in Fig. 6B). Moreover,
lmx1 expression levels were comparable to control sides in
about 80% of the explants beyond 7 somites [lined bars in
Fig. 6B show the percentage of explants showing lmx1
expression in the experimental side higher than or equal to
the control side (see Fig. 7, right column, for examples)].
The dorsal neural tube had, therefore, a positive regulatory
effect on otic expression of lmx1.
DISCUSSION
The results show that first lmx1 is an early otic gene
exhibiting a dynamic expression pattern, which results in a
dorsal and lateral expression domain in the otic vesicle.
Second, the expression of lmx1 is only partially autono-
mous, being under the control of the neural tube at early
stages of development. Finally, the dorsal and ventral neu-
roectoderms exhibit differential regulatory activities on
lmx1 expression. It is suggested that lmx1 may have a role
in spatial patterning of the otic vesicle and that its regula-
tion may reveal a more general mechanism by which the
regionalized activity of the neural tube contributes to
spatial patterning of the otic placode.
Lmx1 is expressed in the otic field at the time of the
earliest morphological evidence of the otic placode, in the
7- to 8-somite embryo. This is probably a landmark for otic
field specification by which placode competence is re-
stricted to the prospective ear region (Torres and Giraldez,
1998). The expression of lmx1 is accompanied by other
genes including transcription factors (dlx-3, six-1, Msx-1,
NK-related homeobox genes, Pax-2), several members of the
BMP family of TGF-like polypetides, and membrane recep-
tors like cek-8/EphA4 tyrosine-kinase receptor (see Table I
in Torres and Giraldez, 1998). Unfortunately, no systematic
study is available on the precise timing and expression
pattern of most of these genes. BMP-7, which has been
studied in detail by Oh et al. (1996) and Wu et al. (1966),
dlx-3 (Akimenko et al., 1994), Pax-2 (M. Torres, personal
communication), and cek-8 (Nieto et al., 1992; and author’s
unpublished results) are probably expressed along with
lmx1 during the early placode stages, and it will be inter-
esting to examine the precise domains and cell populations
that express these genes.
The head ectoderm develops three pairs of sensory pla-
codes: nose, lens, and ear, along with those generating some
neuronal populations of the cranial ganglia. Classical ex-
periments suggest that the potential to develop into placode
derivatives is distributed along a stripe of ectoderm parallel
FIG. 3. Otic vesicle formation and lmx1 expression after ablation of the neural tube. Bar diagrams showing the results from experiments
as in Fig. 2 that were scored for the presence of otic vesicles and expression of lmx1, at different developmental stages. (A) Number of otic
vesicles formed in control (white bars) and in nt2 sides (gray bars). (B) Number of otic vesicles expressing lmx1 in control sides (white bars)
and in the corresponding paired side with the neural tube ablated (gray bars). The intensity of lmx1 expression in these ablated sides was
estimated by counting the number of otic vesicles expressing lmx1 with an intensity comparable to their corresponding control side (line
bars). The numbers of experiments were n 5 11, n 5 11, and n 5 13 for 4s–6s, 7s–9s, and 10s–13s explants, respectively.
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to the neuroectoderm (Jacobson, 1963). The expression
profile of dlx-3 in the zebrafish overlaps this area from the
pregastrula stage to become restricted to the otic and
olfactory prospective areas (Akimenko et al., 1994). This
has led to the proposal of a combinatorial repression model,
by which particular gene subsets with an initial universal
expression are selectively downregulated, resulting in a
particular gene code for each placode (Torres and Giraldez,
1998). In this connection, it is interesting to note that
before lmx1 is detectable in the otic placode, it is expressed
in a paraaxial band of dorsal ectoderm, in the 4- to 5-somite
embryo. Later in development, this expression stripe disap-
pears and lmx1 is not detected in other placode derivatives.
It is tempting to suggest that lmx1 may also reflect this
early pluripotential state, which becomes restricted to the
otic placode at the time of full specification of the otic field.
The present work shows that lmx1 is asymmetrically
expressed in the otic vesicle. LIM homeobox genes encode
proteins with transcriptional activity, which are involved
in pattern formation in both vertebrate and invertebrate
development (Dawid et al., 1998). Direct evidence suggests
that lmx1 is associated with the establishment of the
dorsal–ventral polarity in the vertebrate limb (Vogel et al.,
1995; Riddle et al., 1995). The regulation of lmx1 in the otic
vesicle results in a downregulation in the medial and
ventral epithelium and high expression levels in the dorsal
and lateral aspects. The expression pattern of lmx1, how-
ever, may be better described as dorsal–posterior–lateral
rather than simply dorsal, as I did in the text for the sake of
simplicity. The otic cup rotates laterally and anteriorly
respect to the neural tube, shifting the main axis accord-
ingly. With this added complexity in mind, the asymmetry
FIG. 4. Otic vesicle formation and lmx1 expression in the isolated otic presumptive ectoderm. (A) The otic presumptive ectoderm was
dissected and grown isolation for 24 h. The stage of the operation is indicated by the number of somites at the bottom-left of each
photograph. (B) Ectopic transplantation of the otic presumptive ectoderm to the head mesenchyme. Arrows indicate normotopic otic
vesicles. The lower photograph is a detail showing the limits of the transplanted ectoderm (fine arrows) and the restriction of lmx1 within
the transplanted tissue (arrows). Magnification 5 503, except the lower part of B 5 1003.
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of lmx1 expression suggests that, as in the limb, lmx1 may
also be involved in regional specification and the establish-
ment of dorsal–ventral polarity of the otic vesicle (Fekete,
1996).
The regulation of lmx1 by the neural tube provides the
first direct evidence of a regional distribution of organizing
activities within the neuroectoderm, which are able to
regulate specific features of ear development. The require-
ment of the neural tube for the formation of the otic vesicle
has been extensively documented in vivo (Yntema, 1933,
1950; Waddington, 1937; Jacobson, 1963; Gallagher et al.,
1996) and in vitro (Noden and Van de Water, 1986; Represa
et al., 1991). In the present work, the formation of the otic
vesicle is shown to be strictly dependent on the presence of
the neural tube until the 6-somite stage. Then, it develops
in the absence of the neural influence beyond the 7- to
9-somite stage of (stage 9 of Hamburger and Hamilton,
1951). This is somewhat earlier than previously reported in
similar in vitro studies, which may be due to the use of
lmx1 as an early molecular marker. As in the present work,
FIG. 5. Otic vesicle formation and lmx1 expression after removal of the dorsal neuroectoderm (nr2). The neural ridge was dissected from the
experimental explants with fine needles, taking care to remove it along the whole length of the explant to avoid regeneration. The diagram at
the top illustrates the structure of control (left) and experimental (right) explants. (A) Whole-mount in situ hybridization for lmx1, of control
explants (left column) and nr2 explants, dorsal ridge ablated (right). Stages are indicated by the number of somites at the bottom-left of each
photograph. Small arrowheads in operated column indicate the positions of unstained otic vesicles. Magnification 5 503.
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Waddington (1937) showed that the ectopically grafted otic
presumptive ectoderm did not develop when isolated before
9 somites. However, he did the experiment of removal of
neural tissue in stages earlier than 9 somites when he
reported that embryos developed small otic vesicles in 70%
of the cases, and his conclusion was that ‘‘the determina-
tion of the ear can be performed by something other than
the neural fold,’’ which may be partially incorrect. We do
not know with precision which is the earliest stage exam-
ined by Waddington and what fraction of the 11 embryos
were between 4 and 6 somites, which are the stages when a
dependence of the neural tissue can be demonstrated (Fig. 2,
present paper). It is likely that the determination of the ear
requires interactions with nonneural tissue, but Wadding-
ton experiments did not explore and did not exclude that
the neuroectoderm is also required at the neural plate stage.
Although the question of the precise period in which the
neuroectoderm is indispensable for the formation of the
otic vesicle in situ has not been addressed directly, results
in other species indicate that only by the late neurula/
neural tube stage can the otic presumptive ectoderm de-
velop ectopically, and ear determination is complete (Yn-
tema, 1939; Gallagher et al., 1996). This implies the end of
any possible neural tube requirement. The period between
neural plate and late neurula coincides with the well-
documented ear-inducing capacity of the neural tube in
amphibians and mice, allowing a window for a necessary
ectoderm–neuroectoderm interaction (Yntema, 1950; No-
den and Van de Water, 1986; Jacobson, 1963; Gallagher et
al., 1996).
The removal of the dorsal and ventral neural tube re-
vealed that the formation of the otic vesicle can be sup-
ported by either the dorsal or ventral neuroectoderm. Sig-
nals for growth of the otic vesicle seem homogeneously
distributed in the neural tube, whereas patterning signals
are regionalized. Dorsal and ventral domains of the neural
tube have opposite effects on lmx1 expression intensity and
domain: the dorsal neuroectoderm is able to induce and
maintain the expression of lmx1, whereas the ventral
neural tube downregulates lmx1. These two activities may
contribute to the normal patterning of lmx1 in the otic
vesicle as illustrated in the model of Fig. 8, which has been
inspired by Fekete (1996). We can consider lmx1 as a
dorsoventral marker, perhaps contributing to establish (or a
consequence of) a dorsoventral boundary. This pattern
would originate from two types of inductive interactions
between the otic presumptive ectoderm and the neural
tube. The expression of lmx1 in the otic placode may
originate from the paraaxial ectoderm stripe expressing
lmx1. This would require the neural ridge in the stages that
FIG. 6. Otic vesicle formation and lmx1 expression after removal of the dorsal (nr2) and ventral (nr1) neuroectoderm. Bar diagrams
showing the results from experiments as in Figs. 5 and 7, which were scored for the presence of otic vesicles and expression of lmx1, at
different developmental stages. (A) Number of otic vesicles formed in control (white bars), nr2 (gray bars), and nr1 (dark gray bars). (B, left)
Number of otic vesicles expressing lmx1 in control explants (white bars) and in explants where the neural ridge was removed (dorsal
ablation, nr2). The intensity of lmx1 expression in these ablated sides was estimated by counting the number of otic vesicles expressing
lmx1 with an intensity comparable to control explants (square bars). (B, right) Number of otic vesicles expressing lmx1 in control explants
(white bars) and in the corresponding paired sides where the ventral neural tube was removed (ventral ablation, nr1). The intensity of lmx1
expression in these ablated sides was estimated by counting the number of otic vesicles expressing lmx1 with an intensity equal or higher
than their corresponding control side (lined bars). The number of experiments was n 5 7 and n 5 15 for 4s–6s and 7s–10s, ventral ablations,
and n 5 7 and n 5 11 for 4s–6s and 7s–10s, dorsal ablations.
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precede the formation of the otic placode, 5 to 7 somites
(Fig. 8A). Thereafter, lmx1 may be partially autonomous or
maintained in part by the neural ridge, until stage 10 (Fig.
8B). During invagination of the otic placode and the forma-
tion of the otic cup, the ventral aspect of the neural tube
contributes to the downregulation of lmx1 and perhaps
induces other ventral genes (Fig. 8C). The final result is the
normal expression pattern exhibited by the otic vesicle (Fig.
8D). It is possible that the ventral character is the default
fate and lmx1 modifies the default pathway. Then, ventral
expansion of lmx1 would be prevented by the ventral neural
tube. Since ventral ablations removed the notochord but
dorsal ablations left the notochord in place, the possibility
that the notochord is necessary for the ventralizing effect
either directly or indirectly by patterning the neural tube
cannot be excluded from the present experiments.
One interesting question is that of the mechanism that
triggers the expression of lmx1 in the otic ectoderm. It may
have at least two possible origins, which are not necessarily
mutually exclusive. First, it may be set by cell to cell
signaling by neural cells, probably the neural crest. This
type of inductive mechanism has been recently proposed for
the induction of the trigeminal placode (Stark et al., 1997).
Alternatively, it may be due to the migration of neuroecto-
dermal cells and colonization of the otic placode. Cell
tracing with intracellular dyes indicates that very few cells
from the neural ridge of rhombomeres 4 to 6, which at some
stage may be in spatial relation with the otic primordium,
do incorporate into the otic vesicle (Sechrist et al., 1993,
1994). Neural crest cells do migrate toward the otic vesicle,
but they exclude the epithelium and only a small cell
population incorporates to the VIII ganglion (D’Amico-
Martel and Noden, 1983). It is more likely, therefore, that
otic lmx1 is induced by short-range signals coming from the
dorsal neuroectoderm rather than the expansion of a clonal
population. The other major question relates the nature of
both positive and negative signals that may regulate lmx1.
Lim genes are regulated by a variety of factors, and some of
these factors or related genes are expressed in the neural
tube. Wnt7a induces lmx1 in the limb (Johnson and Tabin,
1997) and Wnt genes are known to show a dorsal expression
domain in the hindbrain (Hollyday et al., 1995).
The behavior of lmx1 is probably an example of a more
general property by which placode-organizing activities
FIG. 7. Otic vesicle formation and lmx1 expression after removal of the ventral neural tube (nr1). (A) The ventral neural tube was removed
from the right side, which remained with the neural ridge and the ectoderm, as illustrated in the diagram. The photographs at the bottom
illustrate the explants made from a 7s embryo, before incubation in collagen matrix. Note that the experimental side remains with the
neural ridge in continuity with the ectoderm, but without the ventral neural tube. The control side retains the ventral neural tube, its
corresponding neural ridge, and the notochord. Magnification 5 403. (B) Whole-mount in situ hybridization for lmx1, of control explants
(left column) and nr1 explants (right column). Stages are indicated by the number of somites at the bottom-left of each photograph. Arrows
indicate the positions of otic vesicles. Magnification 5 503.
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within the neuroectoderm are spatially segregated. Much
work must be done to explore other genes in order to dissect
the subtle tissue interactions responsible for patterning of
the otic vesicle.
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